Intestinal permeability to size-classified fish collagen peptides (FCPs) was examined using Caco-2 monolayers. Minimum-sized FCPs were most efficiently transported across the Caco-2 monolayers. Permeability depended on peptide size. It was independent of the H þ -coupled peptide transport system but was associated with tight junction permeability, suggesting that the paracellular pathway is responsible for transepithelial transport of collagen peptides.
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Collagen is the major constituent of connective tissue in animals and the most abundant protein in mammals, comprising about 25% to 35% of all protein. Gelatin, a denatured form of collagen, is commonly used as a gelling agent in food, pharmaceuticals, photography, and the manufacture of cosmetics. Collagen peptide (CP), a hydrolysate from gelatin, has high solubility and is used in food and beverages, as well as in powder blends and dietary supplements.
It has been reported that ingestion of gelatin or CPs has beneficial effects on the body, including bone, skin, and joint cartilage. [1] [2] [3] However, little information is available on the intestinal absorption of gelatin and CPs or on their transport to target organs. Recent findings on the behavior of CPs after oral ingestion suggest that the bioavailability and structure of peptides in the blood depend on the sources of the CPs. 4) It is therefore important to define the absorbability of different molecular-sizesed CPs in the intestinal epithelium. We examined the transport of size-classified fish collagen peptides (FCPs) using Caco-2 monolayers as a model of the intestinal epithelium.
Caco-2 cells was purchased from DS Pharma Biomedical (Osaka, Japan) and cultured in E-MEM supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 2 mM L-glutamine, 50 units/ml of penicillin, and 50 mg/ml of streptomycin. For permeation studies, Caco-2 cells at passages 49 to 55 were seeded on the apical side of a 12-well BD BioCoat Intestinal Epithelial Environment (1.0-mm pore, 10.5 mm in diameter, and 0.9-cm 2 /insert, BD Biosciences, San Jose, CA) at a density of 4:0 Â 10 5 cells/well in Seeding Basal Medium supplemented with MITOþ Serum Extender, and incubated for 24 h. The cells were then transferred to Enterocyte Differentiation Medium supplemented with MITOþ Serum Extender and incubated for a further 48 h following the manufacturer's instructions. The inserts were washed twice with Hanks' balanced salt solution (HBSS) for 30 min. After removal of the HBSS, 500 ml of assay sample was added to the apical side (pH adjusted to 6.0 with MES); the basolateral side contained 1,500 ml HBSS (pH adjusted to 7.4 with HEPES). Following incubation at 37 C for 2 h, the amounts of permeated FCPs in the basolateral solutions were analyzed with an amino acid analyzer (AminoTac JLC-500/V, JEOL, Tokyo, Japan). We also determined the average molecular weight of the FCPs before and after permeation by gel-filtration HPLC using a Superdex Peptide 10/300 GL (GE Healthcare, Buckinghamshire, UK) under a constant flow (0.5 ml/min) of 30% acetonitrile in water in the presence of 0.1% trifluoroacetic acid. The FCPs were analyzed on the basis of molecular-weight measuring standards. The transepithelial electrical resistance (TEER) of the Caco-2 monolayers, which was measured with a Millicell-ERS (Millipore, Bedford, MA), 5) was between 600 to 800 ohmÁcm 2 . Three types of FCP were derived from bream scales. One was Marine Collagen NH (average Mw 3,100, Nippon Meat Packers, Osaka, Japan), and the others were different manufacturing products (average Mw 4,400 or 6,400). Amino acid analysis was performed with an amino acid analyzer. The amounts of peptides in the FCP samples were estimated by subtracting the amount of free amino acids (FAAs) from that of the total amino acids in the HCl hydrolysate. Table 1 shows the amounts of FAAs and peptides in 10 mg of FCPs. The FCPs used in this study contained glycine, alanine, and proline as the major components. Histidine, hydroxyproline (Hyp), and hydroxylysine (Hyl) were detected only in the peptide form. Collagen generally is characterized by the presence of Hyp and Hyl residues; fish collagen is richer in alanine than is mammalian collagen. 6) A cytotoxicity test using a Cell Counting Kit-8 (Wako, Osaka, Japan) showed that the FCPs (10 mg/ml or less) had no toxic effects on the Caco-2 cells. The FCP preparations (10 mg/ml) were therefore added to the apical side of the Caco-2 monolayers, and the amounts of FAAs and peptides in the basolateral solutions were determined. The amount of permeated FCPs was inversely proportional to molecular size (Fig. 1A) . Permeated minimumsized FCPs accounted for 0.6% of the dosed amounts, whereas permeated medium-sized and maximum-sized FCPs accounted for 0.3% and 0.2% respectively. To determine whether the H þ -dependent transport system was involved in the permeation of FCPs, permeation was tested at apical/basolateral pH levels of 6.0/7.4 (Fig. 1A) or 7.4/7.4 (Fig. 1B) . Hsu et al. have reported that transport of Gly-Sar, a substrate for H þ -coupled transporter PepT1, decreased by half in the absence of the pH gradient.
7) The pH alteration in apical side did not affect the transport rate, suggesting that transport of FCPs across the Caco-2 monolayers was peptide transporter-independent. Furthermore, we examined the effects of cytochalasin B (Cyto B) on the transport of FCPs. Cyto B is known to increase paracellular simple diffusion across Caco-2 monolayers by regulating myosin light chain kinase, leading to modulation of the tight junctions (TJs). 8) After the Cyto B at 5.0 mg/ml for 30 min caused a loss of epithelial TJs (the TEER value decreased from approximately 600 to 100 ohmÁcm 2 ), the rate of transport of FCP peptides across the Caco-2 monolayers increased dramatically (Fig. 1C) . A larger amount of peptides from minimum-sized FCPs was transported across the monolayers (2.6% of the dose). The amount of FAAs in the basolateral solution was not changed by Cyto B treatment (6.06% for control, 5.90% for Cyto B-treated, Fig. 1A and C) . Fraga et al. 9) suggested that the transport of FAAs is mediated by a transport system. Our finding that the amount of permeated FAAs was unchanged, irrespective of TJ permeability, suggests that the Caco-2 monolayers kept their integrity and transport functions to some extent after treatment with Cyto B.
To evaluate the specificity of peptide transport, the molecular weight distributions of the FCPs before and after permeation were compared (Fig. 2) . The average (Table 1 and Fig. 2D-F) . It is also possible that the FCPs were partially hydrolyzed by brush-border peptidases, and that the smaller peptides thus produced more efficiently permeated via the paracellular pathway. These results suggest that sizedependent paracellular transport plays a major role in the transepithelial transport of FCPs across Caco-2 monolayers.
The susceptibility of FCPs to gastrointestinal proteases was also investigated. FCPs (10 mg/ml) were treated with pepsin (5.0 units/mg of FCPs at pH 1.8) or with a mixture of trypsin and -chymotrypsin (respectively, 6.6 and 0.33 units/mg of FCPs; pH 8.0) at 37 C for 1 h, and then boiled for 10 min to terminate the reaction. The FCPs were resistant to pepsin digestion. The average molecular weights of the three FCP samples were slightly reduced by trypsin/-chymotrypsin treatment, Mw 3,100, 4,400, and 6,400 changing to Mw 2,100, 2,700, and 3,400 respectively, but hydrolysis was likely to be limited. These results suggest that the ingested FCPs reached the intestinal epithelium in the peptide form.
The results of the present study indicate that lowmolecular FCPs are transported across the intestinal epithelium, probably via the paracellular pathway. Although the involvement of PepT1 in the intestinal transport of such collagen dipeptides as Gly-Pro and Pro-Hyp has been reported, 10) paracellular diffusion is also thought to be an important pathway for oligopeptides that can not function as the substrate of PepT1. Among the permeated, various sized peptides, Hyp accounted for over 10% of those transported (data not shown). Hyp-containing peptides, however, have been identified as di/tripeptides in human blood only after oral ingestion of gelatin hydrolysates.
11) Hyp-containing oligopeptides produced during the digestion/absorption process would therefore have been further digested to di/tripeptides after getting into the blood circulation. Thus post-absorption processes are also likely to be involved in the bioavailability of FCPs.
Ala-Hyp, an inhibitor of angiotensin-converting enzyme, 12) has been detected in human blood after oral ingestion of fish gelatin hydrolysates. 5) We found here that FCPs were transported across the Caco-2 monolayers, permeability increasing with decreasing molecular size. Although the correlation between the intestinal absorbability of collagen peptides and their biological activity, such as their hypotensive effects, is not yet clearly understood, oral administration of lowermolecular-weight FCPs should be beneficial in supplying the body with more Pro or Hyp peptides. Table 1 , at amounts of 5.0 mg in HBSS per well, were added to the apical side of Caco-2 monolayers and incubated at 37
C for 2 h. The transported solutions were recovered and concentrated with a centrifugal concentrator. Changes in average molecular weight between the FCPs tested (A, B, and C) and that of the transported FCPs (D, E, and F) were investigated by gel-filtration HPLC. The FCPs were analyzed on the basis of molecular-weight measuring standards, as follows: aprotinin (Mw 6,511. 
